The effects of Sb concentration variation on the optical properties of GaAsSb/GaAs heterostructured nanowires J Todorovic, H Kauko, L Ahtapodov et al. Abstract. GaAs nanowires are a highly promising candidate for future optoelectronic applications. Here quantitative high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) has been used for studying the Sb content x in zinc blende (ZB) GaAs1−xSbx axial inserts in otherwise pure wurtzite (WZ) GaAs nanowires. Direct comparison of the normalized experimental HAADF-STEM image intensities with simulated intensities displayed a good match for the pure structure. It was discovered that the Sb content in a 20 nm long insert is not uniform but increases from 13 ± 3 at.% at the lower to 21 ± 3 at.% at the upper WZ-ZB interface. Non-compositional effects on HAADF intensity have been identified.
Introduction
GaAs nanowires are a promising candidate for future optoelectronic applications, such as solar cells, light-emitting diodes (LEDs) and nanolasers [1] . Pure GaAs nanowires usually have the wurtzite (WZ) phase, but alloying with Sb can change the phase into zinc blende (ZB). It is important for the applications to understand the effects of alloying and to measure the actual composition. With high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM), compositional information can be extracted directly from the images with a high spatial resolution.
Here we have applied quantitative HAADF-STEM for characterizing heterostructured GaAs nanowires. More precisely, the Sb content x and distribution in ZB GaAs 1−x Sb x axial inserts of otherwise pure WZ GaAs nanowires have been studied by directly comparing experimental image intensities with simulated intensities. Prerequisite for direct comparison is that the experimental images are normalized relative to the incident beam intensity, which was obtained by scanning the ADF detector prior to the measurements [2] . The work was performed on a non-corrected TEM/STEM at a relatively low magnification.
Experimental details
The nanowires were grown on a ZB GaAs(111)B substrate in a Varial Gen II Modular MBE system, using Au particles as catalysts. The ZB GaAsSb insert was grown for 30 s after 20 min of WZ GaAs nanowire growth, and followed by 5 min of WZ GaAs nanowire growth. The targeted Sb concentration for the insert was 15 %. The growth directions were [0001] and [111] for the WZ and ZB segments, respectively.
A schematic diagram of the insert area and its dimensions is shown in figure 1(a) . As illustrated in the figure, the nanowires are hexagonal in cross-section. This specific geometry -the thickness profile can be deduced exactly from the projected width -and the presence of two crystal phases make the nanowires an interesting system for quantitative HAADF studies. Figure 1 (b) shows a HAADF-STEM image of an entire nanowire with insert. For TEM-work, the nanowires were scraped off the substrate, dispersed in isopropanol and transferred to a graphene-coated Cu-grid (Graphene Laboratories Inc.). The microscopy was performed on a JEOL 2010F (200 kV, C s = 1 mm). The probe-forming aperture semi-angle was 8.4 mrad, the probe size approximately 0.2 nm and the ADF detector range was 29-114 mrad.
In order to directly compare the experimental and simulated intensities, they have to be normalized relative to the incident probe intensity. Therefore a detector scan was performed by adjusting the intermediate and projector lenses so that the probe was scanning directly over the detector. Using the resulting detector image (figure 1(c)), the experimental images were normalized according to [3] 
where I raw is the raw image intensity, I vac is the vacuum intensity and I det is the incident probe intensity directly on the detector. I vac and I det were determined from the detector image as the mean intensities over the vacuum and the detector regions, respectively. While scanning the detector, care was taken that the gain and offset (contrast and brightness) were such that the detector was not saturated. The same gain and offset settings were used for image collection. 
Simulations
For the simulations, a frozen lattice multislice simulation software from Dwyer was employed [4] , using 8 phonon configurations. Both WZ GaAs and ZB GaAs 1−x Sb x were simulated for a thickness range of 0-100 nm, the latter with Sb concentration x varying from 0 to 25 at.% with an interval of 1 at.%. Sb takes the As position in the lattice, and was included in the simulations by randomly substituting a certain percentage of As atoms by Sb atoms. For ZB GaAs(Sb) a 4x6 supercell in [110] orientation and for WZ GaAs a 5x5 supercell in [1120] orientation was employed. The microscope parameters were as given in section 2. The Debye-Waller factors for both the structures were based on theoretical calculations by Schowalter [5] . The changes in lattice parameters and Debye-Waller factors of Ga due to change in composition were taken into account by calculating the parameters for each composition as a linear combination of the parameters for the pure structures (GaAs and GaSb) [3] . Using the average supercell image intensities for ZB GaAs 1−x Sb x , a matrix for intensity as a function of thickness and concentration (CT-matrix) was generated [6] . The CT-matrix was used for analyzing the Sb-content directly from the normalized experimental intensities. The WZ parts in the images were analysed similarly by using average simulated image intensity as a function of thickness. Figure 2 (a) shows a high-resolution TEM (HRTEM) image of the insert area of a nanowire. In the image stacking faults above the insert are clearly visible; lattice defects are often observed at the upper ZB-WZ interface for these heterostructured nanowires. Another prominent feature in the image is the dark area in the lower left corner of the insert, which is probably due to local strain of a growth-related origin. The strained area shows considerable intensity variations in the corresponding HAADF-STEM image ( figure 2(b) ) as well. The crystal phases were confirmed by electron diffraction and the presence of Sb only in the ZB region by EDX (not shown). figure 2(b) ). Several observations can be made from this graph. Firstly, the intensity is clearly higher at the insert than at the WZ parts, showing clear Z-contrast. Secondly, the intensity is not uniform over the insert but rather increasing until reaching a plateau, indicating that the Sb content is increasing from the lower to the upper interface. This trend has been confirmed by EDX. Ideally, the growth should be optimized to produce an even Sb concentration within the insert, yielding a well-defined change in the band structure. Furthermore, there is a clear drop in the WZ intensity at the upper ZB-WZ interface, probably due to the presence of the stacking faults. Finally, the intensities of the WZ areas below and above the insert are approximately equal, indicating that the wire was lying on zone across the imaged area.
Results and discussion
In figure 3 , normalized experimental intensity profiles across the nanowire are plotted together with the corresponding simulated profiles. Figure 3(a) is for the WZ part below the insert, and figures 3(b) and 3(c) are for the lower and upper parts of the insert, respectively. The simulated ZB GaAs 1−x Sb x intensity profiles were constructed using the calculated CT-matrix, and the experimental intensity profiles were constructed by averaging over narrow areas across the nanowire. For the lower part of the insert an approximate Sb concentration of 13 at.% was found and for the upper part 21 at.%. By considering the sensitivity of simulated HAADF intensity to changes in thickness and composition, as well as the accuracy of the experimental intensity levels and the thickness determination, the accuracy for the deduced concentration was estimated to be approximately 3 at.%. The simulated intensity profiles match the experimental profiles rather well across the whole nanowire, except for the local distinct variation in experimental intensity in figure 3(b) due to the strained area (see figure 2) . The resulting Sb concentrations are however higher than expected. One explanation for this can be that static atomic displacements (SAD), i.e., shifts in atomic positions due to the alloying Sb atoms [7] , were not taken into account in the simulations. A recent study shows that the SADs increase the simulated intensity significantly, thereby lower the resulting alloy concentration [6] . The Debye-Waller factors have a significant effect on the intensity as well. Initial simulations with different Debye-Waller factors (from [8] ) produced clearly higher intensities, thus lower Sb concentrations (15 % instead of 21 %).
Conclusions
We have used quantitative HAADF-STEM for studying GaAs nanowires with axial GaAs 1−x Sb x inserts. The work involved normalization of the experimental images from the basis of a detector scan and simulations with a multislice simulation software. The simulated intensities were in good agreement with the normalized experimental intensities for WZ GaAs, and the comparisons indicated that the Sb content in a 20 nm long ZB insert increases from approximately 13±3 at.% to 21 ± 3 at.%. Non-compositional factors affecting the experimental and simulated intensities, such as strain and static atomic displacements, were discussed.
